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The field experiences of gas foil bearings (GFBs) from the 
1960s prove that GFBs offer several advantages over traditional 
oil bearings and rolling element bearings. They have the 
potential to be applied in a wide spectrum of turbomachinery. 
Bump-type foil bearings, which are considered as the best 
structure for GFBs, can be simply described as a hydrodynamic 
bearing utilizing the ambient air as the lubricant and a smooth 
shell supported by a corrugated bump foil as the bearing 
surface. However, the performance predictions of bump-type 
foil bearings are difficult due to mechanical complexity of the 
support elastic structure, especially for the effects of four 
factors, elasticity of bump foil, interaction forces between 
bumps, friction forces at contact surfaces, and local deflection 
of top foil. In this investigation, an analytical model of bump-
type foil bearings considering the effects of all above factors is 
presented. In this model, each bump of the bump strip is 
simplified to two rigid links and a horizontally spaced spring, 
whose stiffness is determined from Castigliano’ theorem. Then, 
interaction forces and friction forces can be coupled with the 
bump flexibility though the horizontal elementary spring. The 
local deflection of top foil is described using a Finite Element 
model and added to the film thickness for the pressure 
prediction with the Reynolds’ equation. 
The bump deflections of a strip with ten bumps under 
different load distributions are calculated with the presented 
model and the predictions show consistency with published 
results. Moreover, the predicted bearing load and film thickness 
of a full bump-type foil bearing using this model are very close 
to the experimental data. Also, radial clearance and friction 
force variations in the foil bearing are noted to change the 
stiffness of bump significantly. And the predictions from the 
calculation with a proper selection of radial clearance and ceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Ufriction coefficients show extremely good agreement with the 
experimental data.  
The assumption of minimum reachable film thickness is 
based on experimental data to determine the load capacity of 
bearing. The results demonstrate that the radial clearance of foil 
bearing has an optimum value for the maximum load capacity.  
 
INTRODUCTION 
Gas foil bearings (GFBs) offer several advantages over 
traditional oil bearings and rolling element bearings. The 
advantages include high reliability, environmental durability, 
and high speed and temperature operation. Ever since the first 
gas foil bearing was designed and equipped in a high speed-
rotating machine in 1969, several different types of foil bearing 
have been introduced [1]. Among them, multiple leaf gas foil 
bearings and corrugated bump-type gas foil bearings were 
widely accepted for their good performances. Typically, it is 
easier for bump-type foil bearings to get high load capacity but 
harder to obtain good damping as compared to leaf-type foil 
bearings [1-3]. However, an careful design of bump-type foil 
bearings can make good use of the dry friction forces of foil 
structure to provide good enough damping characteristics [4]. 
DellaCorte and Valco [5] divided all foil bearings into three 
generations classified by their structure and introduced a simple 
method to estimate the load capacity of foil bearings based on 
published bearing load capacity data. The bump-type foil 
bearings and foil bearings with similar structures have been of 
increasing interest in recent years for the obvious advances in 
their performances. The bump-type foil bearing consists of two 
parts, a smooth top foil acting as the bearing surface and a 
flexible corrugate bump foil supporting the top foil to provide 
elastic deflection and frictional damping. The configuration of 
bump-type foil bearings is shown in Fig.1.  1 Copyright © 2009 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
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Fig. 1 Schematic view of gas foil bearing 
 
Accurate analytical models to predict the performance of 
gas foil bearings can release the designers form the prototype 
investigation, which is time-consuming and expensive. Since 
the first theoretical model of a single bump introduced by 
Wallowit and Anno [6], numerous researchers are of great 
interest to develop analytical models that provide accurate 
performance prediction. However, the mechanical complexity 
of support elastic structure increases the difficulty to predict the 
performance of gas foil bearings. In particular, the effects of 
four factors have to be considered in an accurate model. They 
are the elasticity of bump foil, interaction forces between 
bumps, friction forces at contact surfaces, and local deflection 
of top foil.  
The elasticity of bump foil is the main source of the overall 
stiffness of gas foil bearings. Hestmat et al. [7] developed an 
analysis model of bump-type foil bearings, in which the 
stiffness of foils was calculated as a structural compliance 
coefficient, which only depends on the material and geometric 
configuration of foils. This simple elastic foundation model was 
also used in the research of Peng and Khonsari [8,9] by assuming 
the deflection of foil uniform along axial direction. Iordanoff [10] 
presented another simplified model for analyzing the stiffness of 
bumps. The compliance parameters were calculated separately 
for welded bumps and free bumps with two formulae. The 
coulomb friction forces between the bumps and the housing had 
been also considered.  
However, these analytical formulae tend to over-estimate 
the foil flexibility, because they neglect the interactions between 
bumps [12]. As the bumps are continuous, not only the friction 
forces between the bumps and the top foil or the housing, but 
also the interaction forces between bumps are indispensable for 
an accurate prediction model. Ku and Heshmat [13,14] introduced 
a theoretical model considering the interaction force and 
coulomb frictions and geometric parameter and predicted the 
synchronous stiffness and damping coefficients of the foil 
structure. Swanson [11] presented a simple model of bump foil 
by replacing the each bump with two springs and a pair of rigid 
links, which was finally simplified to a system with two load 
dependent springs. Carpino and Talmge [15] presented a 
prediction model, in which an equivalent continuous compliant  
ed From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Ulayer was used to simulate the radial and circumferential 
deflections of bump foil with the effect of coulomb friction 
between the top foil, the bumps and the housing. Le Lez et al. 
[16] described a model employing the large displacements theory 
and considering the friction force between foils by using a finite 
elements commercial code. Le Lez et al. [12] presented a model 
of foil bearing by substituting each bump with three elementary 
springs and the friction force between foils was considered as a 
load at the top point of each bump.  
The top foil is in fact the bearing surface in bump-type foil 
bearings. Its deflection changes the film thickness directly and 
must be considered in analytical models. San Andres and Kim 
[4] developed a numerical model considering the local deflection 
of top foil using two FE models, a 2D shell and a 1D beam-like 
structure. In this model, this bump static stiffness estimation 
method followed Iordanoff’s model. Lee et al. [17] presented a 
prediction model of the static and dynamic performance of gas 
foil bearings. In the analysis, the top foil deflection was 
calculated basing on the thin plate theories and bump foil 
stiffness of each bump was computed with FEM. The 
interaction force was simplified to friction forces, which were 
summed up from the free end to the fixed end. Feng et al. [18] 
presented a theoretical model of multiwound foil bearings by 
considering the local deflection of top foil. 
The goal of this investigation is to present a complete 
analytical model of bump-type foil bearings considering the 
effects of all four factors, the stiffness of bumps, interaction 
forces, friction forces, and local deflection of top foil. A Link-
Spring model by simplifying each bump into two rigid links and 
a horizontally spaced spring is introduced. The advantage of 
this model is that the horizontal spring, which is parallel to the 
interaction forces, makes it easy to consider the effects of 
interaction forces and friction forces inside the foil structure. 
The relative motion state at each contact surface is judged from 
the force analysis. The stiffness of the bump with both of two 
ends pinned for the acting of the friction force is computed 
separately. Experimental data as well as analytical results from 
published literatures are used to validate the numerical model.  
 
NOMENCLATURE 
iA  iB  Functions defined by Eqs.(6)(8) 
C  Nominal radial clearance 
C ′  Actual radial clearance 









 Flexural rigidity of a shell 
E  Bump foils Young’s modulus 
if  Friction force 
i
pF  Load applied on the ith bump 
i
sF  Horizontal spring force 
i





LF  Vertical reacting forces 
{ }F  Force matrix 
h  Film thickness 
bh  Bump height 
h∆  Deflection of foils 
midH  Minimum mid plane film thickness 
edgeH  Minimum edge film thickness 
minH  Minimum film thickness 
1 2,k k  Stiffness of spring 
i
Vk  Equivalent vertical stiffness of bumps 
fK    Stiffness matrix 
mmK , mmC  
Stiffness coefficients and damping 
coefficients 
L  Foil width/length of the bearing 
1L  Length of links 
springL , springL′  Length of spring 
L∆  Deformation of spring 
,M N  Bending moment and load 
bl  Half bump length 
p  Air pressure 
ap  Ambient pressure 
R  Bearing radius 
bR  Bump radius 
0s  Bump pitch 
S tL=  Section area of the foil 
ft  Foil thickness 
U  Elastic deformation 
W  Bearing load 
α,γ  Angle of rigid link 
( ), zδ θ  Foil deflection 
{ }δ  Node displacement 
ε  Eccentricity ratio 
µ , η  Friction coefficient 
0µ  Viscosity of air 
ν  Bump foil Poisson’s ratio 
0θ  Half bump angle 
minθ  Angular position of minH  
υ  Excitation frequency 
ω  Journal angular velocity 
Superscripts  
i  Variables of the ith bump 
 Dimensionless variables 
Subscripts  
V  Variables in vertical direction 
H  Variables in horizontal direction  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Termsb  Variables of a bump 
, zθ  Axial and angular coordinate 
,x y  Horizontal and vertical coordinate 
MODEL OF FOIL STRUCTURE 
Link-Spring model  
In this study, each bump is simplified to be two rigid links 
and one horizontally spaced spring. The links are connected to 
each other directly at one end and to the spring at the other end, 
as shown in Fig.2. The joint of links is considered at the top 
point of bump and with free rotation. The interaction forces 
between bumps are transmitted through the rigid segments 
between bumps. Relative movements as well as the friction 




Fig. 2 Link-Spring model of bump type foil bearings 
 
It is very important to note that there is a relationship 
between the horizontal deflection and vertical deflection of each 
bump as well as the corresponding forces, since the links are 
rigid. Thus, each Link-Spring structure (bump) can be 




Fig.3 Simplified equivalent model of bump-type foil 
bearings 
The stiffness of horizontal spring (
1k ) is calculated based 
on the initial geometry of bumps using Castigliano’ theorem. 
Details are listed in the appendixes. The relationship between 
the radial deflection of bumps ( h∆ ) and the spring deformation 
( L∆ ) can be obtained from the geometry of bump, as the links 
are rigid, as shown in Fig. 4.  
Fig. 5 displays the force analysis at the connecting segment 
between two bumps. 
i
pF  and 
i
sF  denote the load applied at 
the top point of bump and the elastic force of horizontal spring, 
respectively. 
i
beamF  is the horizontal component of link force. 
The sliding friction coefficient between the bump and housing 
is denoted by µ , and that between the bump and top foil by 3 Copyright © 2009 by ASME 
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moment equilibrium about bump ends [12]. 
( ) ( )0.5 1 , 0.5 1i i i i i i i iR p L pF F tg F F tgη α η α= − ⋅ = + ⋅       (1) 
 
Fig.4 Relationship between vertical and horizontal 
deflection in Link-Spring structure 
 
Fig. 5 Force distribution analysis at the ith segment 
 
So, the friction force between bump and housing is 
( )1i i i iR Lf F F µ+= + ⋅ .                               (2) 
For the force equilibrium of the segment, we got 
1 1i i i i i
s beam s beamF F f F F
+ ++ + = + .                         (3) 
Actually, the vertical forces are the vertical component of 
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. 
Then, we obtain the equivalent vertical stiffness of bump 
( )1 112 i i i iVi
V i
L L k B k
k
A
+ +∆ − ∆ + ⋅
=                  (6) 
where,   
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. 
The iterative formula of the equivalent vertical stiffness, 
Eq.(6), is computed from the free end to the fixed end of bump 
strip. Therefore, the equivalent vertical stiffness of the bump 
close to the free end needs to be calculated first. The force 
analysis at the free end is shown in Fig. 6. The superscript N 
indicates the variables of the Nth bump, which is at the free end.  
 
Fig. 6 Force analysis at the free end 
The force equilibrium equation is  
1N N N N
s R beamF F Fµ
++ =                            (7) 



















                         (8) 
where,  




+ = ⋅∆ − − 
 
 
Analysis of friction forces 
The directions of friction forces at the contact surfaces of 
foil structure depend on the actions of air pressure and elastic 
forces of bump. In the link-spring model, as the spring is 
horizontally spaced, the direction of sliding motion at each 
contact surface can be judged directly from the comparison of 
acting forces. The motion state at each contact surface is 
determined from the following criterions. 
1. The forces analysis of the segment between two bumps is 
shown in Fig. 4. The movement of the ith segment is 
indicated into the following three states.  
1 1i i i i
s beam s beam iF F F F f
+ ++ − − >  
Moving rightwards 
From fixed end to 
free end 
1 1i i i i
s beam s beam iF F F F f
+ ++ − − < −  
Moving leftwards 
From free end to 
fixed end 
Others 
No sliding motion 
Pinned down 4 Copyright © 2009 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
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states, moving rightward or pinned down, which is judged 
with 1N N N N
s beam RF F F µ
+− > .  
3. The connecting segment at the fixed end has no sliding 
movement.  
4. The motion state of the contact between the top foil and 
the bump is specified with the moving directions of the 
two close connecting segments.  
Model of bump with no sliding motion 
If two ends of a bump are both pinned down, the above 
Link-Spring model is not applicable, because the horizontally 
spaced spring has no deflection. A contrary link-spring model 
with the link and spring exchanged is used to simulate the end-
pinned bump as shown in Fig. 7. The horizontal rigid link 
ensures that both of the two ends of bump are fixed, while two 
bevel springs provide the vertical deflection of bump. The 
stiffness of the spring (
2k ) is calculated in the appendixes. 
 
Fig. 7 Contrary link-spring model for pinned-end 
bumps 
The bevel spring lengths before and after deformation are 
given, respectively, as 
( )




2 sin / 2
2 cos
spring b
spring b b b b
L R




′ = + − ∆ − − ∆
      (9) 
Thus, the spring force is ( ) 2s spring springF L L k′= − ⋅ . 
According to the force equilibrium at the top point of bump, the 
pressure force is 2 cosp sF F γ= ⋅ ⋅ . Therefore, the equivalent 





















L R h R
L R h
γ
′ + − ∆ −
=
′⋅ ⋅ − ∆
 
Equivalent vertical stiffness of bumps 
From the above analysis, the equivalent vertical stiffness of 
bumps is noted to vary not only with the elasticity of horizontal 
spring ( 1k ) or the bevel spring ( 2k ), which depends on the  
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friction forces and the interaction forces between bumps. The 
geometry of the bump is listed in Table 1.  
 




Bearing radius, R  19.05mm 
Bearing length, L  38.1mm 
Nominal radial clearance, C  31.8 
Top foil and bump foil thickness, ft  101.6µm 
Bump pitch, 0s  4.572mm 
Halt bump length, bl  1.778mm 
Bump height, bh  0.508mm 
Number of bumps 26 
Young’s modulus, E  214Gpa 
Bump foil Poisson’s ratio, ν  0.29 
 
 
Fig. 8 Equivalent vertical stiffness of bumps as a 
function of bump deflection 
Taking the bump close to the free end of strip as an 
example, the equivalent vertical stiffness per unit length in 
width is plotted in Fig. 8 as a function of the bump deflection in 
two motion cases, the bump with sliding ends and pinned ends. 
Note that the vertical axe shows a log scale. The equivalent 
vertical stiffness of pinned-end bump is much greater than that 
of the bump with sliding ends. And, the stiffness of bumps in 
both two cases decreases with the deflection of bump at the top 
point. Also, when the friction forces between bumps and 
housing, and between bumps and the top foil are introduced, the 
bump has an increase in the equivalent vertical stiffness. 
Top foil model 
The top foil is modeled as a thin plate using finite element 
method. According to the principle of virtual work, the nodal 
displacement δ  is calculated using the direct stiffness method 5 Copyright © 2009 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
Downlo{ } { }fF K δ =   . The top foil is meshed with the Rectangular 
element with 4 nodes and 12 degrees of freedoms [18]. The 
equivalent stiffness along vertical direction is appended to the 
stiffness matrix of the top foil in the appropriate places to form 
the global stiffness matrix: [ ]f top vK K K   = +    . 
Comparisons of predictions to published results  
Test calculations of a foil trip with ten bumps are 
conducted under four different load distributions, uniform load, 
increasing load, decreasing load and increasing/decreasing load. 
The total equivalent forces of all the four loads are the same, 
5
2 10× Pa. The predicted bump deflections are compared with 
the results from the two models in Ref.[12], FE model and 
NDOF model. The bump design parameters are provided in 
Table 1. The bumps are counted from the fixed end to the free 
end with 1 to 10. The bump deflections following the load 
direction are assumed to be positive.  
 
 
a) Uniform load and decreasing load 
 
b) Increasing load and increasing-decreasing load 
Fig. 9 Comparison of bump deflections under 
different load distributions with Ref. [12]  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of UFig. 9 presents the predicted bump deflections at top point 
under four load distributions. The results of the Link-Spring 
model and the other models in Ref. [12] are plotted with solid 
lines and dashed lines, respectively. It is apparent that the bump 
deflections obtained from Link-Spring model agree well with 
the results from the other two models in the cases of all the four 
load distributions. That means the simulation of bump structure 
using the Link-Spring is reliable. Negative bump deflections 
were presented near the fixed end from both N DOF model and 
FE model in the cases of increasing load and increasing-
decreasing load. It was explained as the bumps are pressed to 
move forward the fixed end. Similarly, in the results of Link-
Spring model, the directions of sliding friction forces near the 
fixed end are predicted rightward under these two loads, which 
are produced by leftward relative movement. However, in the 
Link-Spring model, the top foil is considered and it is fixed at 
one end, thus the negative deflection of bump near the fixed end 
of strip is prevented by the top foil. 
 
a) Spot weld is vertical to the loading direction 
 
 b) Spot weld is along the loading direction 
Fig.10 Shaft displacement verse static load of foil 
structure  6 Copyright © 2009 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
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At large journal eccentricity, which leads to stiff air film, 
the bearing load is mainly determined by the foil structure. The 
static load of foil structure indicates the load carrying capacity 
of bump foil bearings to some extend. Experiments to test the 
static load with static shaft were conducted in Ref.[12], using 
the bump-type foil bearing depicted in Table1. The spot weld 
was placed in two different locations, one vertical to the loading 
direction and the other along the loading direction. Fig.10 
depicted the comparison of the experimental data and the 
predictions of Link-Spring model. The results of N DOF model 
in Ref.[12] is also displayed for comparison. The predictions of 
Link-Spring model match very well with the experimental data 
and N DOF model except for the result when the shaft moves 
towards the spot weld. That is because that in the experiment 
the load of bearing is applied on the gap between the fixed end 
and free end.  
As shown in Fig.8, the elasticity of bump changes 
significantly with the motion status of contact surfaces. The 
motion statuses of contact surfaces in foil structure under 
certain load distribution are determined by the position of spot 
weld (the fixed end of strip) as well as the friction coefficients. 
The bumps close to the fixed end are difficult to push, and large 
friction coefficients will hold back the relative movements of 
bumps. If the pinned-end bumps appear in the direction of load, 
the bearing tends to have higher static load with the same shaft 
displacement. Fig.10 depicted the static load of foil structure 
assuming all the bumps to be pinned down. The results 
illuminate that foil structure became extremely harder when the 
friction forces fix all the bumps. Therefore, besides the case that 
the spot weld is in the direction of load, the position of spot 
weld affects the static load of foil structure through changing 
the status of relative movement of contact surfaces. 
 
PREDICTION OF STATIC PERFORMANCE 
The air pressure distribution of foil bearing derives from 
the Reynolds’ Equation, taking the air as the ideal compressible 
gas flow. The dimensionless Reynolds’ equation for 
compressible fluids under isothermal condition is given as [2] 
( )3 3 php p
ph ph
z zθ θ θ
∂   ∂ ∂ ∂ ∂
+ = Λ      ∂ ∂ ∂∂ ∂   
              (11) 





p h z R
p h z
p C R p C
µω  = = = Λ =  
 
 









ε θ θ= + − +                 (12) 
where, ( , )zδ θ  is the deflection of top foil. 
The numerical procedure is illustrated in Fig. 11. In each 
iterative calculation, the direction of friction force is judged 
from the force analysis, in which the force of the horizontal 
spring is determined by bump deflection at the top position.  
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calculated based on the analysis of friction force and added to 
the stiffness matrix of top foil for total stiffness of the 
supporting foundation in the bump-type foil bearing. The air 
pressure distribution from the solution of Reynolds’ equation is 
introduced as the load for new foil deflections and new film 
thickness. The iteration procedure is finished when the relative 




Fig. 11 Flow chart of calculation program 
 
Validation of predictions of static performance  
Fig. 12 presents the predicted air pressure distribution and 
deflection of top foil with static load of 128.9N and rotational 
speed of 45krpm. Both the air pressure and top foil deflection 
reach their maximum value near the minimum film thickness 
along the circumferential direction. In bump-type foil bearings, 
the top foil deforms not only with the bumps, the supporting 
foundation, but also tends to sag between two contiguous 
bumps. Therefore, a wavy appearance is shown in the predicted 
top foil deflection and the troughs indicate the positions of 
bumps. Both the bump deflection and the local deflection of top 
foil become larger at high-pressure region, so the amplitude of 7 Copyright © 2009 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
Downloadthe wavy shape increases with the air pressure. As the result of 
the wavy deflection of the top foil, an undulated pressure profile 
is predicted, correspondingly. Similar appearances had been 
presented in the results of other models that considered the 
effects of top foil [4,17].  
It is apparent that the smallest top foil deflection along the 
axial direction appears at the edges, so the film thickness of 
bearing gets its minimum value at the edge of bearing. It is well 
known that the maximum load capacity of bearing is limited by 
the minimum film thickness, which cannot be less than 0. 
Therefore, if the top foil deflection at the edges is increased 
with the reducing of the stiffness of bumps at the edge, the 
maximum load capacity will be enhanced due to larger shaft 
eccentricity permission until the minimum film thickness 
reaches 0. This is the design inspiration of the generation two 
bump-type foil bearings. 
 
 a) Dimensionless pressure distribution 
b) Top foil deflection 
Fig. 12 Predicted results with static load of 128.9N 
and rotational speed of 45krpm  
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Fig. 13 Comparison of film thickness at bearing mid-
plane from calculation and experiment [21] with static 
load of 134.1N and rotational speed of 30krpm 
 
 
Fig. 14 Minimum film thickness with respect to 
bearing load; 45krpm 
 
Fig. 13 compares the film thickness at the bearing mid-
plane between the calculation result and experimental data [21]. 
The foil bearing is running at the rotational speed of 30krpm 
and acted by a static load of 134.1N. The predicted film 
thickness is in good agreement with the experimental data in the 
active regime of bearing. 
The minimum mid plane film thickness and the minimum 
edge film thickness are denoted by midH  and edgeH , 
respectively, and it is clear that 
edgeH  is the minimum film 
thickness of bearing minH . Fig. 14 presents midH  and edgeH  
as a function of bearing load at the rotational speed of 45krpm, 
respectively. The experimental results are also displayed for the 
validation of the calculation model. In general, the predictions 
correlate well with the test data. However, a significant 
discrepancy is clearly noticeable between predictions and 
experimental results at low bearing loads. The predicted results 
in Ref.[4] treating the top foil as a 2D shell also show similar 
discrepancy with the experimental data. The reason is 
considered as the unknown radial clearance of test foil bearing 8 Copyright © 2009 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
Downloin experiments. The radial clearance of test foil bearing is 
measured by performing a load deflection test, which is 
different from that of rigid fluid film bearings. However, the 
calculation of air pressure is followed the method of traditional 
fluid film bearings. In addition, at high bearing loads, 
edgeH  of 
experiential data is larger than the predictions. That is because 
the friction forces in the experiments may be larger than the 
calculation, in which the friction coefficients are assumed to be 
0.1. Further discussion will be conducted in the next section. 
 
DISCUSSION OF RADIAL CLEARANCE AND FRICTION 
FORCE 
Unlike traditional fluid film bearing, a foil bearing does 
not have a perceivable gas between the bearing surface (top 
foil) and the shaft surface. Normally, the radial clearance of foil 
bearing is determined by a load deflection test [22]. In Ref.[21], 
the radial clearance of foil bearing is defined as half of the 
measured motion of the bearing when a 0.9 kg load is applied 
first downward then upward. Therefore, it is not the same 
concept with the radial clearance of rigid fluid film bearing. If 
we treat the air film of foil bearing following the way of rigid 
bearing, the foils will have an initial deflection, which changes 
with the defined radial clearance. Furthermore, as the analysis 
of Fig. 8, the equivalent vertical stiffness of the bump varies 
with its deflection. Therefore, the measured radial clearance of 
the foils not only changes the film thickness directly, but also 
provides a different stiffness for bumps.  
 
 
Fig. 15 Consideration of radial clearance in foil 
bearing 
 
Fig. 15 gives the consideration of radial clearance in foil 
bearing. The measured clearance C  and the actual clearance 
C ′  are indicated, respectively. mC denotes the initial 
deflection of foils. Thereby, the actual film thickness for foil 
bearing is 
mincos( )mh C C e θ θ δ= − + − + . And the equivalent 
vertical stiffness of bump iVk  is calculated from the actual foil 
deflection i i
mh Cδ∆ = − . In addition, the friction forces in foil  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Ulayer are also noted to affect the stiffness of bumps. Therefore, 
the calculation of static load is redone with the consideration of 
different radial clearances and friction coefficients. 
 
Fig. 16 Minimum film thickness versus bearing load 
with different radial clearances. Rotational speed: 
30krpm, 0.1µ = , 0.1η =  
 
Fig.17 Minimum film thickness versus bearing load 
with different friction coefficients. Rotational speed: 
30krpm, C C′ =  
 
Fig.16 displays midH  and edgeH  versus the bearing load 
at the rotational speed of 30krpm with different radial 
clearances. It is apparent that a smaller radial clearance results 
in smaller midH  and edgeH  just at low bearing load, and at 
high bearing load 
midH  and edgeH  almost do not change with 
radial clearance of foil bearing. 9 Copyright © 2009 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
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30krpm                                               b) 45krpm 
Fig.18 Comparison between experimental data and predictions with 0.35C C′ =  and 0.3µ = , 0.1η =  [21]  
Fig. 17 shows the effect of friction coefficient µ on the 
film thickness with rotational speed of 30krpm. Note that for a 
certain bearing load, if the friction coefficient µ  becomes 
larger, the bearing will have an increase in 
edgeH  and the 
increment is larger at higher bearing load. As the analysis of 
Fig. 8, larger friction coefficients bring in higher stiffness of 
bumps and finally provide higher bearing load with certain shaft 
eccentricity. In other words, the necessary shaft eccentricity to 
obtain certain bearing load is less for the case of higher friction 
coefficients, thus the minimum film thickness at the edge edgeH  
increases. However, midH  is noted not to change with the 
friction coefficients. That is because the bearing load is mainly 
provided from the relatively larger air pressure at the mid plane. 
If the bearing load is given, the minimum film thickness at the 
mid plane, which determines the air pressure at the mid plane, is 
approximately set. 
If we assume the radial clearance is 0.65C and the friction 
coefficients between the bumps and housing, and between the 
bumps and top foil are 0.3 and 0.1, respectively, the predicted 
results in Fig. 18 are obtained. Experimental data are also 
plotted for comparison. Two rotational speeds, 30krpm and 
45krpm, are considered. The correlations between experimental 
data and predictions are fairly good under all bearing load. It 
tends to show that the measuring method of the radial clearance 
of foil bearing, the load deflection test, gives a larger value than 
the actual clearance.  
It is easy to understand that smaller film thickness will 
produce larger bearing load. However, in the experiment field, 
the minimum film thickness cannot reach 0. The maximum 
carrying load of bearing is determined by the smallest reachable  
ded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usfilm thickness. In Ref.[21], the reported smallest film thickness 
is 3.81µm. Therefore, the smallest film thickness is assumed to 
be 3.81µm to calculate the load capacity of the bump-type foil 




Fig.19 Bearing load capacity versus radial 
clearance, 0.1µ = , 0.1η =  10 Copyright © 2009 by ASME 
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Fig.20 Bearing load capacity versus friction 
coefficients µ  
 
The bearing load capacities with different radial clearance 
are given in Fig.19. It is very important to note that the bump-
type foil bearing has an optimum radial clearance to produce 
the maximum load capacity and the load capacity decreases 
very quickly with the reduction of clearance after reaching the 
maximum value. Moreover, the optimum radial clearance varies 
with the rotational speeds, which are 0.4C, 0.5C and 0.6C 
corresponding to 30krpm, 40krpm and 50krpm. As known from 
the analysis in previous study, the increase of bump deflection 
reduces the equivalent vertical stiffness of bump, so the stiffness 
of bump decreases due to the increase of bumps deflection 
caused by the reduction of radial clearance of bearing. The 
bearing load, which finally acts on the bumps, is equal to the 
elastic force of foil layer, which is the product of deflection and 
stiffness. The smaller radial clearance causes the larger foil 
deflection but lower stiffness, thus there is an optimum 
clearance to provide the largest bearing load capacity. The 
experimental investigation in Ref.[22], based on Generation III 
bump-type foil bearings, also pointed out the existence of 
optimum radial clearance, and a similar variation feature of load 
capacity had been reported.  
The effect of friction coefficient µ  on load capacity is 
depicted in Fig. 20. The load capacity of bearing is noted to 
increase with the friction coefficient µ . This is by reason that 
the friction forces increase the stiffness of bumps. It should be 
also observed that the increase of load capacity is more 
prominent at low friction coefficients. This is because at low 
friction coefficients, the rise of friction force stops the relative 
movement between the bumps and housing to form pinned-end 
bumps, which have much larger stiffness. However, when the 
friction coefficients become large enough, the ends of bumps 
that can be pinned down, have been all fixed by the friction 
forces, and no more pinned-end bumps are produced.  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of UTherefore, the increase gradient of load capacity becomes less 
at higher friction coefficients. Although we can get larger 
bearing load capacity with higher friction coefficient, it is 
impossible to actualize too large friction force in bump-type foil 
bearings, because it increases the difficulty of startup and the 
energy dissipation of foil bearing. 
 
CONCLUSION 
This study presented a simply analytical model of bump-
type foil bearings by replacing each bump with a Link-Spring 
structure. In the structure, the elemental spring, indicating the 
elasticity of bump, was horizontally placed, parallel to the bump 
strip. Thus, the motion state as well as the friction force at every 
contact surface inside the foil structure could be obtained 
directly from the force analysis. In the case of the bumps with 
two ends pinned down, the link and spring were exchanged and 
two bevel springs were used to simulate the elasticity of bump. 
The top foil was treated as a thin plate with the deflection 
solved using a finite element model. Therefore, with this model 
presented in this paper, the effects of elasticity of bump foil, 
friction forces at contact surfaces, interaction forces between 
bumps, and local deflection of top foil could be considered.  
The equivalent vertical stiffness of bump was given and the 
result was found to vary with its deflection and the friction 
coefficients ,µ η . The pinned-end bump showed a much 
higher stiffness than the bump moving freely. The bump 
deflections of a ten bumps strip under different load 
distributions as well as the static load of bump structure were 
predicted. And all of them showed good agreement with the 
analytical results and experimental data in Ref. [12].  
The air film pressure was solved with the Reynolds’ 
equation. The air pressure as well as the top foil deflection was 
given and the film thickness of the foil bearing at certain 
operating condition corroborates the experimental results in 
Ref. [21]. Predicted static load of foil bearing as a function of 
the minimum film thickness also achieved good agreement with 
the test data.  
The effect of radial clearance on the performance of foil 
bearing was discussed. The calculated results indicated that 
radial clearance had a direct impact on the load capacity of foil 
bearing. If the radial clearance of the test foil bearing and the 
friction coefficients ,µ η  inside the foil structure were 
assumed to be 0.65C, 0.3 and 0.1, respectively, the predicted 
results would match extremely well with the experimental data 
from Ref.[21]. That means the method determining the radial 
clearance of test foil bearing provides a larger clearance for the 
calculation, if the calculation of air film in foil bearing follows 
the traditional way of rigid fluid bearing. 
The minimum reachable film thickness is specified as 
0.38um following the experiments in Ref.[21] and the 
corresponding bearing load, considered as the load capacity, are 
presented with different radial clearances and friction 
coefficients. The results demonstrate that the radial clearance of 11 Copyright © 2009 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
Downfoil bearing has an optimum value for the largest load capacity 
and the optimum clearance decreases as the rotational speed 
increases. Similar feature was reported in the experimental test 
of Ref.[22]. Furthermore, the load capacity of bearing is found 
to increases with the friction coefficient µ . 
 
APPENDIX: CALCULATION OF EQUIVALENT 




Fig. A1 Equivalent stiffness of horizontal spring 
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Fig. A2 Equivalent stiffness of bevel spring 
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